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BASIC REQUIREMENTS FOR MANUSCRIPTS 


This Journal represents an‘effort by the Society to deliver: information to ‘the 


reader with the greatest possible speed. To, this end the ‘material herein has 


none of the usual editing required in more formal publications. 


Original! papers and discussions.of ‘current papers should be submitted to the 
Manager of Technical. Publications, ASCE, The final date on whith a discussion 


should reach the Society is given as a footnote with ‘each obi Those ‘who are: 
procedures 


planning to submit. material will expedite the review and pu 
by complying with the following basic requirements: 


1. Titles should haye a length not exceeding 50 characters and spaces. 
2. A 50-word summary should accompany the paper. 
3. The manuscript (a ribbon copy and two copies) should be double- -epaced 


on one side of 81%-in. by, 11-in. paper. Papers that were originally prepared for 


oral presentation must be rewritten into the third person before being submitted.’ 


4. The author’s full name; Society membership grade, and footnote reference 
stating present employment should appear.on the first page of the paper. 


5,.. Mathematics. are reproduced directly from the copy that is submitted: 
Because of this, it is necessary that capital letters be drawn, in black ink, 3/16-in. 


high (with alt. other symbols’ and characters,in the proportions dictated by. 


standard drafting practice) and that no line of mathematics be longer than 6Y-in. 
Ribbon copies of typed equations may be used but, will be 
smaller in the printed version. 


6. Tables should be typed (ribbon on one, side of im by 
paper within a 614-in. by 1014-in., invisible frame. Small tables should be grouped’ 
within this frame. Specific and should be made inthe text. 


for each table. 


7. Iilustrations should he drawn in'black ink on one: side of by 11-in. 
paper within)an, invisible frame that ,.measures 644-in.. by 1014-im:; ‘the caption 
should also be inchuded..within the frame. illustrations will. be\ reduced 
to 69% of the original.size; the capital letters should be 3/16-in. high. Photographs 
should be submjtted as glossy prints in a size that is less than 614-in. by.10Y-in. 
Explanations and descriptions should, be made within the text, for each illustration. 


8. Papers should average about 12,000 \words, in length and should, be no 
longer than 18,000 words. As an appfoximation, each full page of typed text, 
table, or illustration is the equivalent of 300 words. 


Further information concerning the preparation of technical papers is con- 
tained in the “Technical Publications Handbook” which can be obtained aoe 
the; Society.. 


Reprints tt this Journal may be made on ‘socket that the full title of 
the paper, name of author, page reference’ (or paper number), and.-date of 
publication by ‘the Society ‘are given., The Society is not, responsible for any 
statement made or opinion expressed in its’ publications. 4) 


- This Journal is published bi-monthly by the American Society of Gea 


Engineers, Publication. office is at 2500 South’ State Street, Ann. Arbor, Michigan, 
Editorial. and General Offices are at 33 West 39 Street, New York 18, New York. 
$4.00 of a member's dues are applied as a subscription to this Journal. ‘Second- class. 
_ mail privileges are authorized at Ann Arbor, Michigan. | 
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Discussion of 
“THE HIGH-SYPHON CIRCULATING WATER SYSTEM—MERAMEC PLANT” 


by Charles E. Buettner and Paul A. Pickel 
(Proc. Paper 740) 


CHARLES E. BUETTNER,! A.M. ASCE and PAUL A. PICKEL.2—The 
writers are gratified by the favorable comment the paper evoked from 
Messrs. Richards and Rudulph. 

The facts that Mr. Richards presented, from actual tests, regarding water 
column separation in circulating water systems and the effects of this phe- 
nomena are a substantial contribution to a field of knowledge wherein little 
has been published. 

Mr. Rudulph emphasized the importance of the circulating system in 
modern thermal power plants, the massiveness of certain aspects of such 
systems and the complexity of the problem of relating these aspects to one 
and another effectively. 

It is hoped that the publication of this paper and the subsequent discussion 
will result in further investigation and publication in this field, by others. 


1, Mechanical Engr., Union Electric Co. of Mo., St. Louis, Mo. 
2. Project Engr., Union Electric Co. of Mo., St. Louis, Mo. 
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Discussion of 
“ARCH DAMS: DESIGN AND OBSERVATION OF 
ARCH DAMS IN PORTUGAL” 


by M. Rocha, J. Laginha Serafim, and A. F. da Silveira 
(Proc. Paper 997) 


CORRECTIONS. —On page 997-37, on line 3, the equation 57 - 6 = 51 
kgcm-2 should be changed to 57 + 6 = 63 kgcm=2. On this same page, on 
line 5, the equation 88 - 14 = 64 kgcm~2 should be changed to 88 - 24 = 64 
kgcem-2, In Fig. 7, Studies I and II, Upstream Face, at El. 640 on the left 
side the value -23 should be changed to +23. In Fig. 11, Study I, Upstream 
Face, at El. 210 the stress -122 should have the direction of the arrow re- 
versed. In Fig. 15, Study I, Upstream Face, Lateral Cantilever, at El. 230 
the term +8 should be changed to -8. In Fig. 15, Study II, Upstream Face, 
Crown Cantilever, at El. 180 the term -38 should be changed to +38. In 
Fig. 15, Study V, Downstream Face, Lateral Cantilever, at El. 250 the term 
-8 should be changed to +8. In Fig. 20, Stress at Downstream Face, Crown 
Cantilever, at El. 250 the term -17 should be changed to +17. In Fig. 20, 
Temperature Variations, Crown Cantilever, at El. 250 the term +2, 6 should 
be changed to +1, 6. 


ROBERT E. GLOVER,! M. ASCE.—In this paper the authors present a 
valuable series of correlations among the results of analytical studies and 
model studies for arch dams and observations of the prototype structures 
under load. They find a very favorable comparison between the model test 
results and prototype stresses after the prototype observations have been 
corrected for stresses, due to thermal changes, which were not present in 
the models. Correlations with incomplete trial load analyses, based upon a 
radial adjustment only, showed arch stresses from ten to twenty percent 
higher than those obtained from the models and gave cantilever tensile 
stresses at the base which were much higher than those found in the models. 
A complete trial load study for the important Cabril Dam appears to have 
given a much better correlation. 

These relationships are as they should be since a radial adjustment alone 
does not fulfill the basic requirements for a proper solution of the stress and 
strain distribution in a structure. These requirements are (1) that every 
element of the structure should be in equilibrium under the stresses and 
forces which act upon it., (2) that every element of the structure must deform 
in such a way that it continues to fit with its neighbors -n all sides as the 
structure passes from the unstrained state to the strained state and (3) that 
the appropriate boundary conditions must be met. The Kirchhoff uniqueness 
theorem? contains a proof that there is only one stress distribution capable 
of meeting these requirements. A radial adjustment alone meets 


1. Research Engr., U. S. Bureau of Reclamation, Denver, Colo. 
2. The Mathematical Theory of Elasticity, by A. E. H. Love., Fourth Edition- 
Cambridge University Press-1927-Paragraph 118. 
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requirements (1) and (3) but leaves the important continuity requirement (2) 
unsatisfied. The displacements of a prism, common to an arch and cantilever 
element where they cross, as given by the arch and cantilever computations, 
will illustrate this point. For all points between the arch crown and abutment 
the arch computation will indicate that the prism will have been displaced to- 
ward the abutment and rotated about a vertical axis, whereas the cantilever 
computation will imply only a displacement radially downstream without this 
kind of tangential displacement or rotation. The cantilever computation will, 
conversely, show a rotation about a horizontal axis which is not shared by the 
arch displacements. A radial adjustment only, therefore, leaves every ele- 
ment of the dam occupying two positions. This is a situation which is obvi- 
ously faulty. If this distribution is tested against the Kirchhoff requirements 
it can only be concluded that it is not the unique stress distribution which 
must prevail. It should be expected therefore that a trial load study, based 
upon a radial adjustment only, will not agree with the results of a model test. 
This expectation is confirmed by many such comparisons. 

It is the purpose of the tangential and twist adjustments to eliminate the 
tangential and rotational displacement discrepancies left by the radial adjust- 
ment. These adjustments bring into evidence the tangential and vertical 
shear forces which act upon the top, bottom and sides of the element. By so 
doing the important elements of strength provided by shearing and twist re- 
sistances of the arch and cantilever elements are accounted for. The effect 
of adding these two adjustments is generally to decrease the computed de- 
flections and to lower the computed stresses. A trial load analysis including 
carefully made radial, tangential and twist adjustments will generally agree 
closely with the results of model tests. The tangential and twist effects con- 
tribute most effectively to the strength of arch dams constructed in wide 
sites. They may be nearly absent in dams built in very narrow canyons. 

A complete agreement between the results of a model test, made within 
the elastic range, and an analysis satisfying the equilibrium continuity and 
boundary condition requirements is to be expected. There can be but one 
solution to the elastic equations and when a computer has satisfied these 
three requirements he has that solution. This will be identical with the model 
distribution also since the conditions it must meet are precisely those 
enumerated. 

It is important to arch dam designers that the analytical and experimental 
techniques they use for design be brought into complete accord. This can be 
done if computers will bring their analysis into agreement by trial-load pro- 
cedures or otherwise, with all three of the requirements described above. 

It may be noted that correlation with test data makes more exacting de- 
mands upon a computer than does the task of designing a dam to carry a 
specified loading with a given factor of safety. If the design computations 
neglect certain elements of strength, the net result will generally be a struc- 
ture that is somewhat overdesigned but which may, nevertheless, be expected 
to serve well. In order to correlate with test data, however, the computer 
must find the unique solution and this is a much more exacting task. 
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DESIGN OF THE EKLUTNA PROJECT, ALASKA 


Frank B. Cook,* M, ASCE and David L. Goodman,** A.M. ASCE 
(Proc. Paper 1132) 


SYNOPSIS 


This paper describes the design of the Eklutna Project, a hydroelectric 
power development of the Bureau of Reclamation near Anchorage, Alaska. 
Included in the paper are a description of the overall purpose and function of 
the project and a detailed summary of the design of the principal power 
facilities. 


INTRODUCTION 


The Eklutna Project is a 30,000-kilowatt hydroelectric power development 
designed and constructed by the Bureau of Reclamation, United States De- 
partment of the Interior, to bring urgently needed electric power to the 
rapidly expanding area at Anchorage, Alaska. The project, the first major 
development by the Bureau of Reclamation outside the continental United 
States, was constructed during the four-year period between 1951 and 1955. 
The first of the Eklutna Powerplant’s two 15,000-kw generating units was 
placed in commercial operation on January 6, 1955; the second unit “went on 
the line” on April 1, 1955. Average annual firm energy provided by the plant 
is estimated to total 140 million kilowatt-hours. It is estimated.that non- 
firm energy, available seasonally in summer and early fall, will be approxi- 
mately 20 million kilowatt-hours in the average year. 

The Eklutna Powerplant (Figure 1) is on the Glenn Highway between An- 
chorage and Palmer, about 35 miles northeast of Anchorage. Transmission 
lines, operating at 115 kilovolts and totaling 41 miles in length, have been 
constructed to extend from the powerplant north to Palmer and south to 


Note: Discussion open until May 1, 1957. Paper 1132 is part of the copyrighted Journal 
of the Power Division of the American Society of Civil Engineers, Vol. 82, No. PO 6, 
December, 1956. 


* Chief, Gen. Eng. Branch, Div. of Design, Bureau of Reclamation, U. S. 
Dept. of the Interior, Denver, Colo. 

** Engr., Div. of Administrative Services, Bureau of Reclamation, U. S. 
Dept. of the Interior, Denver, Colo. 
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Anchorage. In addition, some existing lower voltage lines acquired with an 
older small hydroelectric plant (Little Eklutna) from the City of Anchorage 
have been consolidated in the system. Rural Electrification Administration 
cooperatives provide the distribution systems and facilities to communities 
outside of Anchorage. The new 115-kv main transmission system was adopt- 
ed after studies of immediate and possible ultimate developments, which in- 
dicated this voltage level as the most desirable. 

Development of the Eklutna Project is a major step toward realization of 
an enlarged regional economy, and the first step in major hydroelectric de- 
velopment in Alaska. The project is the first part of a comprehensive plan 
for conservation and development of water resources in this promising rail- 
belt which extends from Seward through Anchorage and the Matanuska Valley 
and over the Alaska range towards Fairbanks. Construction of the main 
transmission lines for the Eklutna Project at 115-kv capacity will permit 
future expansion of the power system. 

In the discussion that follows a description of the Eklutna Project is given 
and the significant details of design of the powerplant and its companion 
facilities are summarized. 


Eklutna Project 


The Eklutna Project was authorized by the Congress of the United States 
on July 31, 1950, to “encourage and promote the economic development of the 
Territory of Alaska, to foster the establishment of essential industries in 
said Territory, and to further the self sufficiency of national defense installa- 
tions located therein.” As authorized by the Congress, the primary function 
of the project is the production of electrical energy—energy which is urgently 
needed for civilian, military and industrial uses, and for meeting normal 
growth in domestic loads in the vicinity of the project. 

Prior to construction of the project a serious power shortage prevailed in 
the Anchorage area. The area was dependent for its power supply upon a 
combination of small steam, hydroelectric, and diesel plants. Some of these 
plants were inadequate and in poor operating condition. Some military plants 
were also installed with principal capacity in steam-electric units. The lack 
of any margin of supply and high power rates greatly handicapped industrial 
and rural development, and fuel costs are very high in comparison to such 
costs in the United States. During World War II the need for power became 
increasingly critical. Several large defense establishments were constructed, 
among them Fort Richardson and Elmendorf Air Base near Anchorage. The 
wartime surge of construction and the postwar expansion of the city and its 
environs caused frequent electric light and power “brownouts.” The develop- 
ment of the Eklutna Project has assisted in reducing the power shortage and 
has provided a stable and relatively low-cost power supply with which the 
previously existing and new fuel electric power facilities are being integrated. 

The Eklutna project area includes the Willow Creek mining district on the 
north, the Matanuska Valley on the east, and the city of Anchorage and envi- 
rons to Turnagain Arm on the south. Cook Inlet, a branch of the Gulf of 
Alaska, lies to the west. The area is a northern reach of the Pacific Moun- 
tain system, the parallel ranges of which enter Alaska through British 
Columbia, Canada, and embodies two large flats—a valley floor and a coastal 
plain. The Cook Inlet and the Chugach Mountains almost isolate these areas 
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from each other; they are connected by a narrow strip of land bordered by a 
branch of the inlet-—Knik Arm, a tidal estuary—and the mountains. 

Anchorage lies on a low bluff overlooking Cook Inlet, and is bounded on the 
north, south, and west by arms of the sea. To the east is a low plain extend- 
ing to the Chugach Mountains. This enclosed area comprises about 75 square 
miles. Matanuska Valley, through which run the Matanuska and Knik Rivers, 
is roughly 50 by 16 miles, and is almost surrounded by the Alaska, Talkeetna, 
and Chugach Ranges. 

Trending northwest from the Chugach Mountains to Knik Arm is the 
Eklutna Creek which descends through a steep-sided, troughlike, glaciated 
valley about 27 miles long. Rugged peaks up to 8,200 feet in elevation rise 
sharply above short valleys tributary to the creek. 

At the head of Eklutna Creek is an alpine glacier, about 7 miles long. Its 
width tapers gradually from about 2 miles at elevation 4800 feet to several 
hundred feet where its snout lies at 1,000 feet. About 4 miles downstream 
from the snout of the glacier the creek empties into Eklutna Lake. The lake, 
formed when the glacier melted and its front receded to leave a natural dam 
across the creek, is 7 miles long, 0.7 mile wide, and 200 feet deep. The 
formation of this natural reservoir, 868 feet above sea level, and its diver- 
sion to the powerplant make possible the power development of the Eklutna 
Project. 

The entire construction cost of the Eklutna Project will be repaid from 
power revenues. Under the Congressional authorization, the capital invest- 
ment of the project, as determined by the Federal Power Commission, is to 
be amortized over a 50-year period and interest is to be charged on the un- 
amortized balance of the full capital investment at a rate of 2-1/2 percent 
per year. The authorization states that: “Electric power and energy gener- 
ated at the Eklutna Project, except that portion required in the operation of 
such project, shall be disposed of in such a manner as to encourage the most 
widespread use thereof at the lowest possible rates to consumers consistent 
with sound business principles * * * . Preference in the sale of such power 
and energy shall be given to all public bodies and cooperatives on the same 
terms, and to Federal agencies.” The estimated average cost of firm power 
produced at this hydro plant is 11 mills per kilowatt-hour on the basis of full 
amortization of cost in less than 50 years with interest at 2-1/2 percent. 

On November 23, 1953, a contract was completed with the city of Anchor- 
age, providing for delivery of 16,000 kilowatts (maximum) for firm power. 
On November 1, 1954, a contract was completed with the Matanuska Electric 
Association of Palmer which provides for 5,000 kilowatts (maximum) con- 
tract rate of delivery for firm power. A third contract for the remaining 
9,000 kilowatts is held with the Chugach Electric Association. 


Design of Eklutna Powerplant and Related Features 


In brief, the flow of water on the project for power production is as fol- 
lows: Water is diverted from Eklutna Lake through the 4-1/2-mile Eklutna 
Tunnel under Goat Mountain (of the Chugach range) terminating at a surge 
tank, and thence through an underground penstock, about 1/4 mile long, to the 
Eklutna Powerplant. Water discharged from the powerplant’s turbines passes 
through a conduit under the Glenn Highway to a 2,000-foot long open tailrace 
channel and into the Knik River which connects with Knik Arm. (See Figures 


Be 
ae 
7 
ae 
| 
4, 
i ‘ 
. ; 
; 
2 


COOK - GOODMAN 


~SUMMIT 
E1.5340 


GOAT 
MOUNTAIN 


TRANSMISSION 
LINES: 
ANCHORAGE- 


INTAKE © 
structure’ RECAST CONDUIT 
CONCRETE LINED TUNNEL 23,550 FT. LONG~ 
PROFILE 


INTAKE POWERHOUSE’ 
: ---HIGH WATER LINE 
TAILRACE 


Z--ACCESS CHANNEL--~~ 


TUNNEL 


sHart SURGE TANK- 


PLAN TAILRACE CONDUIT--~ 


Figure 2 
Schematic drewing of plan and profile 


of major structures of the Eklutna Project. 


; 
4 
E1.1015 
GATE SHAFT-. © c£1.905 
pi / 
MAX.WS.867.5-- SURGE TANK---..} | 
‘ 
—. 


December, 1956 


TRANSVERSE SECTION 


oF FEET 


1132-6 PO 6 

x 

— 
Ovsconmect 

ite 

: 

| 
| 


ASCE COOK - GOODMAN 1132-7 


ilies 
| 


LONGITUDINAL SECTION 
20 


SCALE OF FEET 


Bae 
= 
ag 
not shown | 
= 
for power oir circuit 
> 
Ge 
are 
a 


1132-8 PO 6 December, 1956 


1 and 2) Design of these hydraulic and power features and their companion 
facilities is described in that sequence of flow in the following summaries. 


Eklutna Dam and Lake 


The Eklutna Creek drainage basin embraces 172 square miles of which 
119 square miles are tributary to Eklutna Lake. The water supply for the 
project comes from that portion of the creek runoff tributary to Eklutna Lake. 
Usable storage of 160,000 acre-feet is partially impounded by a low dam 
(24,000 acre-feet); the remainder is in the natural lake (136,000 acre-feet). 
Together with an inactive storage capacity of 22,100 acre-feet, the total 
capacity of the reservoir is 182,100 acre-feet. 

The lake has a comparatively flat bottom. Maximum soundings of about 
200 feet are relatively deep, considering the width of the lake and its geologic 
origin. Except at the outlet, the bottom drops off sharply from the shore be- 
fore leveling off. 

Glacial drift originally formed Eklutna Dam impounding the lake. During 
construction of the project the embankment was raised to a crest elevation of 
875 feet. The upstream and downstream slopes of the dam and other areas 
were then covered with riprap. A sand and gravel blanket, 12 inches thick, 
was placed on the upstream slope of the dam prior to placement of the riprap. 
The dam has a height of 26 feet above foundation, a length of 555 feet, and a 
volume of 5,000 cubic yards. 

The spillway of the dam is on the right abutment and has an uncontrolled 
crest 150 feet long at elevation 867.5. The outlet works are located in the 
river channel and comprise 19 manually operated slide gates. 


Intake Structure 


The Eklutna Lake water is withdrawn at a level below operating storage, 
thus providing a free access for the water under the thick ice formed on the 
lake surface. (In the winter months the temperature may drop as low as 
minus 60 degrees.) Initial diversion from the lake is made through an inlet 
channel, 100 feet wide and about 500 feet long, excavated at the lake bottom 
at elevation 800 (about 60 feet below the lake surface elevation). 

From the intake channel water enters a 133-foot 8-inch-long intake struc- 
ture built in precast concrete sections for placing and joining together under 
water. The intake structure has an initial trashrack structure 112 feet long, 
built of rectangular precast concrete sections of varying depths. Each sec- 
tion is 26 feet 8 inches wide and about 37 feet long. Timber trashracks built 
of 2- by 8-inch planks spaced 2 inches apart are supported along the sec- 
tions’ upper surfaces. No ice or debris loading was assumed in the design of 
the trashracks and supporting walls; the trashracks were designed for erec- 
tion dead loads only. The supporting walls were designed to withstand lateral 
earth pressure to the full height of the walls based on pressure for earth in 
water. No unbalanced water pressure was assumed. To assure proper inflow 
for the design capacity of 640 cfs when ice is on the lake, operating instruc- 
tions require that the water should not be drawn down below elevation 814. 

Immediately downstream from the trashrack structure is a precast con- 
crete transition section, 14 feet 2 inches long. The inside of this transition 
section tapers from a rectangular reinforced concrete section 9 feet by 22 
* feet 8 inches to a circular section 9 feet in diameter. 

At the end of the square-to-round transition section there is a bulkhead 
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EKLUTNA ___ Power PLANT Provect, 
.... 1. 
TURBINE RATING IN 4.P.-.29,000 _Rateo neao.800 ort Speeo_.600__ apm. 
Generator rating in kv-a..-16,667_...._.._._______. Power factor ___90___. percent. 
Turbine mfgr. Newport News Sbip Bldg.& D.D Type 
Cost per unit fo.b. Ibs. 
Coat por Weight per h.p.-..5.4 _..._._ Ibs. 


Type of scroll case __SPIRAL-CAST STEEL- 2 Piece 

Weight of runner_!4,000 _ ibs. 

Weight of turbine parts including hydraulic thrust to becarried by 
generator thrust bearing ..Ibs. 


Governor capacity in foot-lbs.____% 2,000 Pipe size ._3___ inches. 
Gov. mfgr... WOODWARD GOVERNOR CO... Time 
Cost per unit fio.b. factory Weight... 12,000 ____ Ibs. 
= Generator WR? .._.450,000____.____. ibs. at one foot radius. 
Turbine WR? Ibs. at one foot radius. 
Regulating consiant of unit(R-PM.*x WR? 


ns of runner..21.6 __at..800_. foot head when delivering..23,500 ____h.p.(Best eff.). 
Ns of runner. 23.5.___at..800 foot head when delivering. 27,700 __ (Full gate). 


Distance from centerline of turbine to center line of scroll case inlet.6.08. Ft. 
Distance from center line of distributor to minimum tailwater elevation 
(One unit operating at full load )...4.0.__ ft. 


Figure 4(b) 
Hydraulic turbine data sheet, Eklutna Powerplant 


HP at (Design head)_.27,700 ; at 100.0 __ percent of design head;. 354 -c.f.s. 
HP at B50Ft. (Max. head).._.30,300 ; at. 106.3 __ percent of design head; _ 365__c.f.s. 
HP. at TOOFt. (Min. at__87.5.._percent of design head; _ 325. s. 
HP at 800ft. (Rated head)__ 25,000 ; at_100.0 percent of design heod;_ 297 _c.fs. 
H.P at best efficiency equols __ 84-8 ______percent of h.p. at full gote. 
Runaway speed at.830_ ft. hd...280 rpm. equais..!63.3_ percent of normal speed. 
Dimensions of turbine: 

Unit spacing ___24___ ft. Dia.of shaft_I5.__ inches. 

Max. dia. of runner..5.17_ ft. Dia.of cover plate 7.82 ft. 

Dia. of gate circle 9.165. ft. Number of wicket gates__J&8 __. 

Height of distributor case_.9-567 Ft, Number of stay vanes__/8 ___. 

Dia.of scroll case inlet..3.73_ft. Dia. at top of draft tube_3.93._Ft.- D3. 


Outside radii of stay vanes.4.32 to 420 fT. 
1, Distance from center line of distributor to top of draft tube.../.50 fF. ‘. 
Depth of draft tube ILOO ft. equals 312... percent of dig. Ds. 
Length of draft tube 17.08 equals. 484. percent of dia. Ds. 
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section 7 feet 6 inches long. Slots are provided in the bulkhead section for 
either stop planks or a fabricated bulkhead to be used in the event of an 
emergency or for inspection purposes. The slots extend above the trashrack 
section and are protected by a removable cover. 

From the end of the bulkhead section the water is conveyed 225 feet . 
through a 9-foot inside diameter precast concrete pipe extending to the en- 
trance of the Eklutna Tunnel. The pipe has a wall thickness of 12 inches. It 
was cast in 16-foot sections, each section weighing about 40 tons. The sec- 
tions were lifted at the casting site at the shore of the lake by a gantry crane 
which traveled on a wood-pile launching trestle as shown in Figure 5. The 
pipe sections were. then lowered into the water at the end of the trestle, 
picked up by a floating barge, and transported to the intake site. They were 
then lowered about 75 feet into their final positions and were joined by divers. 
The sections are joined by steel clamp assemblies held together by 1-1/4- 
inch diameter wrought iron bolts, 27 inches long. Sand and gravel and waste 
material from the tunnel excavation were placed around the pipe sections and 
over the tops to a depth of 3 feet minimum. 


Eklutna Tunnel 


The Eklutna Tunnel is a major feature of the project. It is a circular con- 
crete lined pressure tunnel (Figure 6) having an inside diameter of 9 feet and 
a length of 23,550 feet. Hydraulic properties of the tunnel are as follows: 
area—63.62 square feet; velocity—10.06 feet per second; capacity —640 cubic 
feet per second. Slope of the tunnel is 0.00341; the difference in elevation be- 
tween the inlet and the outlet gate at the surge tank is 80 feet. 

The tunnel proper begins at the downstream end of the precast pipe sec- 
tion. Gates are provided at two places in the tunnel—in a 9-foot-diameter 
bulkhead gate shaft (Figure 7) located about 600 feet downstream from the 
high water shoreline of the Eklutna Lake, and in the surge tank at the end of 
the tunnel. A construction adit, which intersects the tunnel immediately up- 
stream from the surge tank, is used as a means of permanent access to the 
tunnel. 

The bulkhead gate shaft is in an open cut, 725 feet downstream along the 
tunnel profile from the beginning of the tunnel proper. The shaft, about 209 
feet deep, permits access to the tunnel downstream from the gate when the 
gate is down and the tunnel is dewatered. Descent in the shaft for inspection 
and maintenance is made by a series of staggered ladders and safety guards 
and platforms. The shaft is a reinforced concrete structure and has 15-inch 
walls anchored at the tunnel by reinforced concrete rectangular transition 
sections having 3-foot thick walls and bottom slab. 

The bulkhead gate, 7.08 feet wide by 9 feet high, is a flat structural steel 
member of welded construction and has one cast phosphor-bronze seat on 
each side. These vertical seats support the water load on the gate and bear 
against seats on frames embedded in the downstream face of a vertical con- 
crete slot in the gate shaft extending 22 feet up from the tunnel floor. The 
vertical seats act as metal seals in conjunction with a cast phosphor-bronze 
seal which extends across the top of the gate. Lateral movement of the gate 
is controlled by means of a finished surface on the gate bearing against the 
vertical slot. The gate is opened and closed by a hydraulic hoist which is 
direct-connected to the gate stem. The control system, located on a platform 
near the top of the gate shaft, is completely hand operated. 
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Figu re 5 


Shown here is the gantry crane lowering a section of the 


precast concrete pipe to the lake bottom. 


Bureau of Reclamation photograph 


No. P+783-908+1183 
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Figure 6 


A view of the concrete-lined 2klutne Tunnel. 


Bureau of clamation ph 


a 
5 
ia 
: 
a 
big 
otograph 
i 
je 


(1132-14 PO 6 December, 1956 


View down from the top of the gate shaft looking down 


105 feet. 


Bureau of Reclamation photograph 
No. P-783-908-446 
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The tunnel was excavated through rock consisting principally of argillite 
and graywacke, ranging from fairly hard and massive to badly broken and 
crumbly. As described in the paper by W. R. Judd,! “The argillite resembles 
a compact clayey shale, highly fractured, with numerous slickensides, and is 
very soft in some drill cores. The graywacke is a hard, greenish, fine- 
grained sandstone that has undergone some metamorphism and is severely 
fractured.” 

The tunnel section extending from the intake section to the bulkhead gate 
shaft, a distance of about 711 feet, has a wall thickness of 12 inches, rein- 
forced transversely by circular hoops of 1-inch steel and longitudinally by 
1/2-inch bars at each face. For the remaining sections of the tunnel, the 
unsupported wall thickness is 9-1/2 inches. A total of 30,055 cubic yards of 
concrete and 2,353,402 pounds of reinforcing steel was placed in the tunnel 
lining. 

Contraction joints are provided in the tunnel lining at every 25-foot inter- 
val in the 711-foot reach mentioned above. Permanent drains were placed in 
the tunnel to relieve excessive pore pressures in the surrounding rock. 
These drains discharge into the tunnel and are provided with flap valves to 
protect against water flowing out from the tunnel into the rock. 


Surge Tank 


The Eklutna Tunnel terminates in a surge tank installed directly over the 
tunnel 22,805 feet downstream from the bulkhead gate shaft. The surge tank 
is a reinforced concrete circular structure about 176 feet in height above the 
tunnel. The roof of the surge tank (Figure 8) is of reinforced concrete con- 
struction supported by structural steel members. The structure has an in- 
side diameter of 30 feet and a wall 18 inches thick. Immediately downstream 
from the surge tank and built integrally with the tank wall is a 3-foot diame- 
ter access tube through which descent from the roof of the tank to the tunnel 
floor is made. 

The tunnel section beneath the surge tank contains two 9-foot long square- 
to-round transitions spaced 4 feet 6 inches apart. The 4-foot 6-inch rectan- 
gular separation serves as the gate slot for the 7.08-foot by 9-foot fixed 
wheel gate which is used for emergency closure of the tunnel in the event of 
the damage of the penstock below or the turbines in the powerplant and for 
unwatering the penstock for inspection and maintenance. In an emergency the 
gate can be closed under full reservoir head flowing through the tunnel. The 
resulting water surge caused by the closure is absorbed in the surge tank. 

The surge tank is of the restricted orifice type. Surge calculations for the 
tank were based on a flow of 690 cfs for maximum lake elevation and a flow 
of 640 cfs for minimum lake elevation. On the basis of elevation 724 at the 
orifice, the maximum upsurge elevation in the tank was calculated to be 902 
when the flow is 690 cfs, and the minimum elevation of the hydraulic gradient 
in the tank with maximum downsurge was calculated to be elevation 739 when 
the flow is 640 cfs. 

The fixed wheel gate is a flat structural steel member of welded construc- 
tion having four flanged wheels on each side. The wheels support the water 
load on the gate and bear against stainless steel tracks that are mounted on 


1, “Foundation Problems of the Eklutna Project” by W. R. Judd, A.M. ASCE, 
Separate No. 444, Proceedings ASCE, June 1954. 
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bases embedded on the downstream face of the gate slot. The wheels are 
held against the tracks when the gate is closing by springs which bear against 
angles embedded in the upstream face of the slot. When the gate is in its 
normal open position, it is isolated in a concrete-walled chamber within the 
surge tank. This serves to maintain tunnel pressure differentials between 
the tunnel and the surge tank. 

The fixed wheel gate is opened and closed by a hydraulic hoist which is 
direct-connected to the gate stem and is mounted in the top of the surge tank. 
The control system is mounted in a cabinet located in a house on the roof of 
the tank. (In the event of power failure, the gate can be operated manually.) 
An electrical interlock between the gate controls and the butterfly valves in 
the powerplant prevents the gate from being opened unless the valves are 
closed. The rate of opening of the gate is restricted so that the penstock will 
be filled before the flow under the gate has reached the maximum designed 
discharge rate, Thus, the surge produced in filling the penstock will be with- 
in the limits for which the system is designed. 


Tunnel Adit 


The tunnel adit is located at the outlet end of the tunnel near the surge 
tank. It is reached by an operating road extending up the mountain approxi- 
mately 2 miles from the vicinity of the powerplant. The adit is essentially 
the same size as the main tunnel and is approximately 300 feet long, and pro- 
vides one means of access to the tunnel for inspection and maintenance pur- 
poses. It also acts as a free-flow conduit in conveying drainage water from 
the tunnel when entrance into the tunnel is necessary, and also when it is de- 
sired to prevent the water from flowing down the penstock. Access from the 
adit to the tunnel is provided by a water-tight door. 


Penstock 


Extending from the surge tank at the end of the Eklutna Tunnel is the power 
penstock which conveys water to the powerplant turbines. The overall length 
of the penstock is about 1,088 feet, installed in 30-foot sections. The pen- 
stock is a variable-diameter, 91-inch, 83-inch, and 75-inch (outside diame- 
ter) welded and coupled steel pipe encased in concrete in a tunnel extending 
from the surge tank to the powerplant. Plate thickness of the penstock varies 
from 5/16-inch at the initial section to 1-1/2-inch at its terminal section. In 
profile, the penstock roughly parallels the mountainside, descending for ap- 
proximately 864 feet at an angle of 53 degrees; it then levels off and continues 
through a horizontal section about 501 feet long. Erectionof a penstock sec- 
tion is shown in Figure 9. 

The penstock bifurcates into two 51-inch diameter 23-foot long branches 
at the powerplant which are connected to the spiral cases of the turbines. A 
66-inch butterfly valve is installed in each penstock branch upstream from 
the turbines to provide means of unwatering the turbines for servicing or 
maintenance. These valves also serve as emergency shutoff valves in the 
event of damage to the turbines. 

The penstock is vented at the gate structure in the surge tank and immedi- 
ately downstream from each butterfly valve to allow air to escape when the 
penstock is filling, and to prevent negative pressures from occurring when 
the gate is closed in an emergency or when the tunnel is being drained. Ac- 
cess to the penstock interior is obtained through the vent at the surge tank, 
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through manholes in the powerplant, and through the tunnel adit. 

The penstock is filled by opening the fixed-wheel gate in the surge tank at 
the restricted rate of opening, thus allowing the penstock to fill slowly with- 
out causing pressure surges in the penstock. Air displaced by the water en- 
sering the penstock is released through the vent at the surge tank. 


Powerplant Structure 


The Eklutna Powerplant is a reinforced concrete structure housing the 
generators and turbines and related electrical, mechanical, and hydraulic 
equipment. Sections through the structure are shown in Figures 3(a) and 
3(b). It is 71 feet wide and 73 feet 8 inches long. Overall height of the build- 
ing from foundation to the top of the roof is 86 feet 7 inches. The 35-foot 
deep subsiructure is of reinforced concrete construction; the walls are 3 feet 
thick and the subfloor slab is 5 feet thick. 

Adjacent to the west wall of the powerplant is a machine shop, 78 feet long, 
27 feet wide, and 20 feet high. Built integrally with the powerplant structure 
at its south wall are a control room and electrical equipment room, each 35 
feet 6 inches long, 25 feet wide, and 17 feet high. South of the machine shop 
and adjacent to the west wall of the powerplant are three open transformer 
bays separated by 12-inch reinforced concrete walls. 

The foundations for the powerplant structure, transformer bays, and pen- 
stock anchor block are supported by 14-inch, 73-pound steel H-bearing piles. 
A total of 18,597 lineal feet of piling was driven, consisting of 289 vertical 
and 110 batter piles (on a 1:4 batter). All piles were driven to bedrock. Per- 
manent bench marks were established in the concrete floor at elevation 15.00 
to check settlement of the structure. Levels were run periodically during 
construction and also since the plant has been in operation but no settlement 
has occurred to date. 

The superstructure of the powerplant has structural steel framing and re- 
inforced concrete walls 12 inches thick insulated by a 2-inch layer of insulat- 
ing board. Erection of the structural steel is shown in Figure 10. The 
height of the superstructure is 51 feet. Principal structural members of the 
superstructure are three rigid frame steel bents built up of 36-inch, wide- 
flange steel columns to support the plant’s crane runway for a 40-ton capaci- 
ty crane and a 4-foot 4-inch horizontal plate girder supporting the roof pur- 
lins and the 6-inch concrete roof slab. The bents are braced by 10 WF 21 
structural steel members placed diagonally between columns. The machine 
shop is also framed by structural steel members and has 10-inch reinforced 
concrete walls insulated with a 2-inch layer of insulating board. A total of 
286,811 pounds of structural steel was used in the building frames. 

An electric cab-operated overhead traveling-type crane, having a span of 
40 feet 10 inches, operates on a runway which extends the length of the power- 
plant. The crane, used for installing and maintaining the generators, tur- 
bines, and other equipment, has a 40-ton capacity main hoist powered by a 
30-horsepower motor. 

A jib crane having a 2-ton capacity twin lift chain hoist is attached to the 
powerplant wall between the draft tube bulkhead gate slots for raising, lower- 
ing, pivoting, and transferring the draft tube bulkhead gates from one slot to 
the other. A hand-racked, underslung traveling-type 3-ton capacity crane 
operates on a runway which extends the length of the machine shop. The 
crane is used for handling materials and equipment in the shop. 
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Turbines 


The powerplant has two vertical shaft, Francis-type turbines having cast 
steel spiral cases and elbow-type draft tubes. Each turbine has a rated 
capacity of 25,000 horsepower at full gate opening when it is operating at 
600 rpm under a net head of 800 feet. At this head and an output of 23,000 
horsepower the warranted efficiency of the turbine is 90 percent. At rated 
head and full gate output the predicted discharge from one turbine is 330 cfs. 

The turbines are required to operate satisfactorily at effective heads be- 
tween 700 feet and 850 feet. The controlling design water surface elevations 
are as follows: 


Headwater Elevations (Forebay) 
Maximum 867.5 

Average 852.0 

Minimum 814.0 

Tailwater Elevations 

Maximum 35.0 

Minimum 20.0 


Turbine operating characteristics and design information are shown in 
Figures 4(a) and 4(b), hydraulic turbine data sheet. 


Generators 


The two generators in the powerplant (Figure 11) are each rated 16,667 
kva, 90 percent power factor, 6,900-volts, 3-phase, and 60-cycle at 600 rpm. 
Each generator is a vertical shaft type synchronous machine, designed for 
clockwise rotation when looking down on the unit. A thrust bearing and an 
upper guide bearing are provided above the rotor; a power guide bearing is 
provided below the rotor. A common oil reservoir is provided for the thrust 
and upper guide bearing, and there is a separate oil reservoir for the lower 
guide bearing. As the thrust bearing is supported by a ring mounted on a 
bracket consisting of a bridge of two steel beams supported from the stator 
frame, the above load is transmitted successively through this bracket to the 
stator frame, then to the sole plates and on into the foundation. The upper 
bearing bracket also supports the main exciter, which is directly coupled to 
the generator shaft. The lower bracket supports the lower guide bearing and 
the combination air brakes and hydraulic jacks. 

The stator bore is 7 feet 10-31/64 inches in diameter. This allows clear- 
ance for installation or replacement of any part of the generator or turbine 
located below the stator including the lower guide bearing bracket of the 
generator. 

Each generator is excited by a direct-connected vertical-shaft, shunt 
wound type, d-c generator mounted on top of the generator. Both generators 
are equipped with an enclosed cooling system, complete with air ducts, five 
separate water-cooled heat exchangers located around the periphery of the 
generator stators and metal housings. Blades attached to the rotor act as 
blowers to circulate air. 

The generators are equipped with air-operated brakes mounted on the 
lower bearing bracket. The brakes are of sufficient capacity to bring the 
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Figure 


Interior view of the Exlutns Powerhouse showing the 


two 15,000-kw generstors. 
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rotating parts of the generator and turbine to a stop from 1/2 normal operat- 
ing speed within 7-1/2 minutes after the brakes are applied. The brakes are 
also designed for use as hydraulic jacks to lift the generator and turbine ro- 
tating parts during generator disassembly. 


Switchyard 


The switching equipment for the powerplant is located ot three different 
elevations. The switchyard equipment itself, consisting of the power circuit 
breakers, disconnecting switches, and main busses, is on the roof of the 
powerplant at elevation 92.50 (Figure 12). The main power transformers 
that “step up” the generator low voltage are located in the transformer bay 
adjacent to and southwest of the powerplant structure at elevation 41.25. 
From the high-voltage bushings of these main power transformers, a bus- 
work is used to the main switching equipment located on the roof; this is ac- 
complished by means of an intermediate or “tie bus” which is located on the 
roof of the control room at elevation 58.54. 

The 115-kv bus structure on the powerplant roof consists of two bays to 
supply the 115-kv lines to the cities of Palmer and Anchorage. In addition, 
there is a 12.47-kv line which supplies power to the Government camp from 
a small transformer energized from the low-voltage generator leads. This 
transformer is in the transformer bay adjacent to and south of the powerplant 
structure at elevation 41.25. 

The lines to Palmer and Anchorage are equipped with 115-kv circuit 
breakers of the air-blast type. Disconnecting switches are placed on both 
sides of the breakers, to permit removal of the breakers from service for 
needed maintenance or repairs. 

The 115-kv and 12.47-kv steel switchyard structures were designed to 
withstand the loads imposed by line and transformer circuit conductors and 
ground wires and tension busses, the loads due to wind and dead load, and the 
loads imposed by the installation of electrical equipment. 


Draft Tubes 


Each turbine has an elbow-type draft tube, the elbow portion of which has 
a welded plate-steel liner. A 6-inch drain connection is provided at the low 
point of the liner for unwatering the draft tube. 

There is one draft tube bulkhead gate 12 feet wide by 4 feet high provided 
for use in sealing off the draft tube openings when a turbine is shut down and 
unwatering of the draft tube is required. The gate is lowered, raised, and 
transferred from one opening to the other by the 2-ton capacity, hand- 
operated, twin-lift hoist suspended from the jib crane attached to the wall of 
the powerplant superstructure. In the event high-pressure penstock water is 
unintentionally admitted to the turbine draft tube while the gate is in place, 
the gate will be blown off its seat because of the relatively few bolts which 
secure the shear angle to the gate. This is a safety feature intended to pro- 
tect the gate or prevent a possible failure of either the turbine-head cover or 
draft tube man door and subsequent flooding of the powerplant. 


Tailrace 


Water discharged from the draft tubes of the turbines in the powerplant 
enters a 209-foot long pressure tailrace conduit through which the water is 
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Figure 12 


Photographed here is the completed Exlutna Powerouse 
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Tailrace conduit, showing partially completed compacted backfilc. 


Bureau of Reclamation photograph 


No. P-763-908-1336 
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conducted under the Glenn Highway to an open tailrace channel which dis- 
charges into the Knik River. A surge chamber is provided at the entrance to 
the pressure conduit to store water resulting from increases in load demand 
until the water in the conduit can be accelerated. This serves to prevent ex- 
cessive pressure build-up in the draft tubes. 

The tailrace conduit (Figure 13) is made up of rectangular reinforced con- 
crete transition sections having varying widths and depths. The terminal 
section of the conduit is 50 feet long and flares outward in the downstream 
direction from a width of 14 feet 6 inches to a width of 46 feet 6 inches. This 
terminal section is also of varying depth and has five openings separated by 
10-inch walls through which the water passes into the tailrace channel. Stop 
log slots are provided at the outlet of the conduit. The stop logs are available 
for use when it is necessary to dewater the conduit or to unwater both draft 
tubes at the same time. 

The banks of the open tailrace channel are built on a 2 to 1 slope and are 
lined with riprap at its junction with the tailrace conduit. The channel has a 
top width of about 75 feet, a bottom width of 25 feet, and a height of about 12 
feet 6 inches. 

Although Knik Arm is a tidal estuary, the tidal conditions in the Arm 
slightly below the point of confluence of the tailrace channel with the Knik 
River were considered to have no effect upon operations of the water dis- 
charge system. 


Transmission Lines 
Table 1 gives data on the transmission lines of the Eklutna Project. 
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POWER DIVISION 


Proceedings of the American Society of Civil Engineers 


DESCRIPTION OF REPAIRS TO SPILLWAY PIERS OF KEOKUK DAM 


Ralph L. Shelton,! and Frank L. Burgrabbe2 
(Proc. Paper 1133) 


SYNOPSIS 


This paper describes the rehabilitation of the spillway piers of this dam 
after more than 40 years of service. Deteriorated concrete was removed 
and replaced with temperature-reinforced concrete anchored to sound con- 
crete of piers. 


INTRODUCTION 


After more than 40 years of service the spillway piers of Keokuk Dam 
showed evidence of severe erosion and deterioration. A thorough field in- 
vestigation in conjunction with extensive field and laboratory testing indi- 
cated the need for repairs. 

Erosion was most pronounced at the intersection of the spillway ogee with 
the piers. Concrete cores taken in the field indicated deterioration of the 
concrete on the wetted surface of the pier, directly above the ogee inter- 
section, 

Figure 1 shows one of the piers before repairs were made. The dark 
stained area above the spillway indicates the deteriorated area. 

The repairs consist of removing the deteriorated concrete down to sound 
concrete and replacing it with a durable concrete armor coat. 

Fruin Colnon Contracting Company of St. Louis, Missouri are contractors 
for the repairs and although their construction plant was set up in late fall of 
1954, they were unable to start repairs that year because of high tail water 
and cold weather. 

In May of 1955, the Contractor resumed operations and on June 16, the 
first pier repair was poured. On November 10 repairs had been completed 


Note: Discussion open until May 1, 1957. Paper 1133 is part of the copyrighted Journal 
of the Power Division of the American Society of Civil Engineers, Vol. 82, No. PO6, 
December, 1956. 

1, Structural Engr., Union Electric Co. of Missouri, St. Louis, Mo. 


2. Union Electric Co. of Missouri, St. Louis, Mo. 
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on 75 of the 120 piers. On December 1 operations were discontinued until the 
spring of 1956. 


Construction Plant 


The compressed air plant is located at the east end of the dam in the 
Hamilton, Dlinois Yards which is the base of all construction activities. It 
consists of 2-625CFM air compressors, each driven by a 125 H.P, motor. A 
6"' pipe line, connected to the compressor plant, extends approximately 4,400 
feet across the full length of the spillway deck and provides for compressed 
air takeoff as repairs move across the spillway. 

Hoisting from the spillway deck was done with the plant locomotive crane, 
driven by compressed air. Due to the presence of overhead power lines, the 
crane was “flat boomed” to avoid interference with them, Although the “flat 
boomed” capacity of the crane was only 4 1/2 tons, it was sufficient except 
for several times when excavated concrete jammed against the sheet pile 
guide frames and more capacity was required for lifting. To overcome this, 
outriggers were used which increased crane capacity to 15 tons. 

For moving concrete across the dam, a ready mix truck is driven up a 
movable ramp onto a railroad car, which is coupled to a “Trackmobile.” 
Figure 2 shows the ready mix truck up the ramp onto the railroad car. The 
Trackmobile was also used for moving the locomotive crane on and off the 
spillway deck. 

As all the repairs were downstream, dewatering was accomplished by 
driving a single wall, steel sheet pile cofferdam approximately 5 feet down- 
stream from the toe of the spillway bucket. The sheeting was driven against 
a structural steel guide frame which was anchored to the spillway ogee. Be- 
tween 8 and 10 spillways are dewatered at one time. 

Two 10" and one 4" electric driven pumps and two 6" gasoline driven 
pumps are used for dewatering. In addition, several 2" air driven siphons 
are used to dewater local areas in the cofferdam. Figure 3 shows a view of 
the cofferdam. 

Pier repairs started at the east end of the spillway and progressed west- 
ward toward the power house. As repairs move westward, sheet piling is 
pulled and redriven to keep in step for dewatering. An abandoned 33 kv over- 
head line on the downstream side of the dam was energized with 2,300 volt 3 
phase 60 cycle power. It serves as a continuous bus across the spillway to 
which two portable 2,300/440 volt step down transformers are connected. 
These transformers serve the dewatering pumps and this arrangement pro- 
vides for intermediate tap off connections as the work progresses across the 
dam. Figure 4 shows the overhead bus. The transformer can be faintly seen 
in the background. 

Three steel barges, one 18' x 58', one 12’ x 47’ and one 12’ x 40' are 
moored directly downstream from the cofferdam. The two largest barges 
are used for storing sheet piling and metal forms while the smaller one pro- 
vides a convenient portable platform for the cement finishers use. 


Concrete Cutting and Placing 


Access to the sides of the piers for concrete cutting is provided by wooden 
stairs placed on the spillway. Overhead trolley beams support chain hoists 
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which are used for final placing of metal forms after initial positioning by the 
locomotive crane. 1 1/2" pipe sleeves which extend thru the full 6'-0" width 
of the piers and which were used as form spreaders on the original dam con- 
struction, serve as a convenient location for placing 1" rods which support 
the balancers for the cutting hammers. Figure 5 shows cutting operations. 

On the sides of the piers a minimum cut of 6" is specified. On the 75 
piers repaired to date, the 6"'cut has been ample to reach sound concrete at 
the top of the deteriorated area. The maximum cut required thus far to 
reach sound concrete has been 12". 

The first 4" to 6" inches of old concrete removed came off like mud but 
when sound concrete was reached, it was readily determined by a decided in- 
crease in resistance to cutting and by a definite change in color. Numerous 
mud balls varying from 2"'to 6" in diameter were encountered during con- 
crete removals on the first ten piers. All concrete permanently below the 
water line was extremely hard and difficult to cut. The first 10 spillways 
dewatered had a layer of mud about 4'-0" thick on top of the spillway aprons. 
When the mud had been removed and concrete cutting was started, this mud 
covered concrete was almost as hard as steel and had a very pronounced 
ring when struck with a hammer. Its color was dark blue, almost black. 

One interesting discovery was the finding of a hole through the full width 
of one of the piers, large enough for a man to crawl through. Figure 6 shows 
this hole. Needless to say, it was dry packed before concrete cutting began 
on this pier. 

Reinforcing dowels 3/4" in diameter and 30" on centers in both directions 
were grouted 17" into the existing concrete and 16" into the new armor coat. 
Temperature reinforcing in the new concrete consisted of 1/2" diameter bars 
12" on centers in both directions. Figure 7 shows reinforcing in place on one 
of the piers. 

After concrete cutting was completed, small loose particles were removed 
by a compressed air and water spray. The average concrete removed on the 
first 75 piers was slightly in excess of 20 yards each. 

On the first 8 piers as a safety measure, 2 1/4"'diameter steel pins were 
grouted into the spillway at the ends of the downstream face of the crest 
gates and the downstream face of the pier was poured before cutting started 
on the sides. By the time the first 8 piers were completed, sufficient confi- 
dence in the stability of the structure had developed and the pins were dis- 
carded and cutting of both sides and the downstream face were done simul- 
taneously thereafter. 

Concrete is delivered to the top of the dam as previously described, by a 
railroad car carrying the ready mix truck. A long string of tremie cans ex- 
tends down to pour pockets in the steel forms. Six pour pockets are provided 
in the side forms and one at the top of the downstream form. 

A 10 man crew was used for placing the concrete. Two at the top of the 
dam, handling the concrete from the truck to the tremies and 8 men below 
handling tremies at the pour pockets and vibrating forms. An external form 
vibrator is fastened to the form and internal vibrators are used at pour 
pockets; one at the pocket where the pour is being made and one at the 
pocket below. In addition an air chipping hammer, with a flat horizontal bar 
welded to the bit is used below both of the internal vibrators to provide fur- 
ther vibration. 

Some difficulty was experienced with honeycomb on the first piers poured 
when a 3" slump concrete was used. After considerable experimenting, the 
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conclusion was reached that a 6'"' slump was required to avoid excess 
honeycombing. With the larger slump, honeycombing was greatly reduced. 

Curing commenced immediately after forms were stripped and continued 
for 7 days. A 1/2" galvanized pipe, capped at the ends and perforated is sus- 
pended above the finished pour. It is connected to siphon which extends up to 
the upstream pool. 

A 2" wide by 6"'deep slot is provided at the top of the new concrete to pro- 
vide for a dry pack joint between old and new concrete, It was formed out at 
first with a celotex filler but this proved troublesome in cleaning it off the 
new concrete and the Contractor later switched to a 2 piece plywood filler. 
Figure 8 shows the concrete armor coat poured with the dry pack slot at the 
top. 

The dry pack material consisted of a 1-3 cement, sand mortar with just 
enough water added to make it stick together when squeezed in the hand. It 
was rammed into place with an air hammer fitted with a flat horizontal bar 
welded to the fill bit. A 1/2" finish coat of 1-3 mortar was applied after the 
dry pack joint was placed. Figure 9 shows a completed pier with the dry 
pack joint in place. 

Progress was slow at first but after experience had been gained in handling 
the metal forms; coordinating moving of cofferdams and dewatering pumps, 
the Contractor was able to repair a pier per day. Of the 75 piers repaired, 
47 were consecutively poured, “one a day.” 


Concrete Mix and Strength 


Fly ash concrete is used for the armor patch and consists of 4.8 sacks of 
cement plus 113 lbs. of fly ash per yard of concrete. In addition, an air en- 
training agent was added during mixing. Sand and gravel conforming to ASTM 
Specification C-33 were used as fine and coarse aggregate. 

A compressive strength of 3,500 psi at 28 days was required. Concrete 
28 day strengths averaged 4,400 psi. 


CONCLUSIONS 


The removal of the deteriorated concrete from the piers has been most 
satisfactory and verifies predicted depths of deterioration. It was demon- 
strated that sound concrete existed a reasonable depth below the deteriorated 
pier face and that it was practical to apply an armor coat to it. 

The bonding of the fly ash to the existing stone concrete is excellent and 
test results of the fly ash concrete exceeded anticipated strengths. 

It is felt that the repairs will endure for many years and immeasurably 
prolong the life of the dam. 


? 
‘ 


SHELTON - BURGRABBE 


FIGURE | SHOWING DETERIORATION AND EROSION OF PIER. 
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FIGURE 3 SHOWING VIEW OF COFFERDAM 
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FIGURE 4 SHOWING OVERHEAD POWER SUPPLY LINE. 
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FIGURE 9 SHOWING COMPLETED REPAIR WITH ORY PACK JOINT IN PLACE 
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OBSERVED BEHAVIOR OF SEVERAL ITALIAN ARCH DAMS 


Professor Dino Tonini,! M. ASCE 
(Proc. Paper 1134) 


ABSTRACT 


A summary of the results obtained from the analysis of deflection, strain, 
temperature and other measurements on nine Italian Arch Dams is presented. 
The important way in which temperature changes influence arch dam behavior 
is shown. The results of testing for foundation modulus by seismic methods 
before, during and after construction of arch dams are described. 


1) - Premises 


1. 1) The Societa Adriatica di Elettricita among a total of 25 dams has at 
present in service or under construction the following large arch dams (be- 
tween brackets, year when the work was completed), descriptions of which 
may be found in various papers already published or in course of publication: 
1) Comelico (1931), 2) Maina di Sauris (1947), 3) Pieve di Cadore, archgravity 
dam (1949), 4) Valle di Cadore (1950), 5) Val Gallina (1951), 6) Barcis (1953), 
7) Ambiesta (in course of completion), 8) Pontesei (in course of completion), 
9) Vajont, arch dam (under construction). 

Each dam has been provided with a more or less extensive system of con- 
trol which normally includes the following measurements: a) temperature 
and humidity in the interior of the structure; b) deflections of characteristic 
points of the structure and profiles of the basin upstream and downstream of 
the dam, by means of large range collimators, pendulums, inclinometers and 
high-precision triangulations and levelling surveys; c) strains and stresses 
in characteristic points of the structure by means of rosettes of strain 
and stress meters; d) various phenomena, such as the variations of uplift 
pressures, elastic properties of the rock, of the structure, etc. 


Note: Discussion open until May 1, 1957. Paper 1134 is part of the copyrighted Journal 
of the Power Division of the American Society of Civil Engineers, Vol. 82, No. PO 6, 
December, 1956. 


Jone. Engr. Studies Dept. Societa Adriatica di Elettricita. Venezia, Italy. 
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Close to each dam there is, as a rule, a meteorological station; near the 
Pieve di Cadore and Ambiesta dams a seismographic station has also been 
set up. 

The measurements, as far as possible, are remote recorded and concen- 
trated in a single station situated in the central control room of the intakes 
of the dam. This solution requires a greater length of cable than would be 
necessary with more measurement stations, but has been preferred on the 
grounds that because of the local conditions in which the dam’s staff live, 
convenience of measurements is the basis for their success. The system of 
control is studied jointly by the departments charged with the planning and 
construction of the dam and those in charge of its operation. 

In general we try to study a single phenomenon by means of different 
methods of measurement so as to achieve, from the possible differences that 
cannot be imputed to the precision of the measurement, information on the 
complementary phenomena which accompany what at the first approximation 
was considered to be the main phenomenon. 

The observations are begun during the construction and continued without 
interruption after the dam is in service, more or less frequently, according 
to the sensivity of reaction of the structure to the various actions to which it 
is subjected. 

A special office superintends the various measurements, collects them, 
and interpretes them in order to make the transition from the numerical 
figures of the observations to figures which may have a physical significance 
in relation to corresponding phenomena. 

Actually, not all measurements can be easily and immediately interpreted, 
because, as it is known, they are generally the result of many factors that 
are not readily distinguishable. However, from the numerous series of ob- 
servations available, some of the most typical have been selected concerning 
the functioning of dams as arch structures. The aim of this paper is, there- 
fore, to provide some information on this subject. 


1. 2) In general, to get observations of some significance, averages have 
been taken usually at intervals from three to thirty days. In fact, the correla- 
tion between instantaneous cause and effect cannot, in most cases be easily 
determined because of the multiplicity of causes which not always produce 
the same effects and because of the way the effects themselves occur. Be- 
sides, the search for the most probable value of the several elements in 
question would involve many readings for every measurement, to determine 
it. 

In other words, given the type of phenomena under examination, the fea- 
tures of the instruments and the possibilities of the observers, it has been 
held that, in the first stage of research, an average of, for example, ten 
figures read successively on ten different days and so corresponding to the 
average conditions of the structure in that period of time, is more interesting 
than an average of ten values corresponding to a particular moment. The 
latter is an average which can give us a more accurate measurement of the 
state of the phenomena in that single moment, but does not allow a more 
general interpretation. 

For geodetic survey, on the other hand, the usual procedure of compensa- 
tion is adopted but duly reduced, since, excluding the first measurement, we 
are not concerned with the absolute figures of the various sizes, but only 
with the differential ones. We must note, however, that geodetic surveys also 
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refer to an average condition of the structure corresponding to the interval 
of time included between the beginning anc the end of the measurements. 
This interval, for fairly extensive triangulation nets is always of some days. 

Lastly, we remind you that for some investigations mobile averages taken 
over a period of one year have been adopted. In fact some of the most im- 
portant actions affecting the structures (temperature of the air, and the wa- 
ter, variations of load, etc.), show seasonal periodical variations within the 
year; the average values of these may be considered in many cases to be prac- 
tically constant, taking into account also the attenuation in reflected phenom- 
ena. Now, if this constancy is not found in the annual mobile averages of the 
supposed effects (temperatures, deflections, strains, etc., of the structure) 
the fact can be deduced that other non-periodical phenomena have been added 
to the former (development of setting heat, creep of the concrete and of the 
rocks, inbibition of the rocks themselves, etc.). We thus have a very simple 
method of evaluating, in many cases, the entity of these non-periodical phe- 
nomena and in any case their progress, 


2) - Measurements of Temperature 


2. 1) The measurements of temperature of concrete structures are known 
to be among the simplest and quickest. There is also a good agreement be- 
tween experimental results and those deduced from the application of 
Fourier’s theory, when the range of external temperatures (air and water), 
the heat and specific weight of the concrete together with the coefficient of 
thermal diffusion are known. 

In a given structure the number of instruments may therefore be reduced 
to a few for reference and control, concentrated mainly near the faces and 


the middle where, because of the possible interference of thermal waves 
coming from upstream and downstream, experimental figures less in agree- 
ment with the theoretical ones are obtained. An example of the correspond- 
ence between theoretical and experimental results is illustrated for the 
Lumiei dam in Fig. 1. 


2. 2) The method of mobile averages has been adopted in order to determine 
the end of the period of dissipation of the setting heat of the concrete, being 
supposed, as mentioned before, that the average annual range for the temper- 
ature of air and water do not vary greatly from one year to the next. 

When these mobile averages of temperatures in the interior of a dam have 
an asymptotic trend, it is right in assuming that the setting heat is practical- 
ly exhausted: in Fig. 2 one example of this diagram is shown which ilius- 
trates how for the Pieve di Cadore dam the asymptotic trend is reached at 
the middle of a section of 19,3 m thickness after about 40 months. 


2. 3) To give an idea of the annual ranges of temperature in the interior of 
the concrete dam, in the diagram of Fig. 3, for some of the structures in 
question, the figures checked at the middle of various sections, are recorded. 
These figures are not necessarily the lowest for section under examination 
since, at the middle there are often interferences of thermal waves from up- 
stream and downstream. 

The diagram clearly shows how for the Pieve di Cadore and Val Gallina 
dams, which have the same technological qualities (cement and aggregates), 
not very dissimilar graphs are obtained; the Lumiei dam on the other hand, 
differs in its behaviour having different technological and climatic features. 
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Fig. 1. Lumiei dam: distribution of temperatures, comparison between 
theoretical and experimental results with maximum and minimum external 
temperatures (July, January). 
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Fig. 3. Pieve di Cadore, Val Gallina, Valle di Cadore and Lumiei dams: 
range of temperature at the middle of sections of different thicknesses. 
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Finally, notably lower figures are found for the Valle di Cadore dam which 
has practically the same technological and climatic features as the Pieve di 
Cadore dam, but where the structure is protected upstream and downstream 
by concrete block facings of 0.30 m thickness, which clearly reduces the 
range of thermal variations. 

On this matter it must be noted that the protection mentioned was not 
built to reduce the thermal variations but against the effects of frost. We be- 
lieve that satisfactory protection against thermal variations could rather be 
achieved economically by the use of antiradiation vernish on the downstream 
face. 


2. 4) An eloquent illustration of the temperature trend along a section of the 
structure as a function of the time is obtained with contour line diagrams of 
which Fig. 4 is a type, taken from the Pieve di Cadore dam. These diagrams 
can easily be used for typical stereometric drawings (Fig. 5). 

From the combined investigation of these diagrams relative to the great- 
est possible number of sections of the dam, the average temperature of the 
dam (or average thermal regime) can be found. The thermal regime cannot 
be expressed, as sometimes done, only by means of the variations of temper- 
ature of the air and water since these variations (to which should be added 
those of the setting and of the rock temperature) lead, on account of succes- 
sive interferences and displacements, to a thermal regime of the structure 
the more complex the more, as a whole, it is behind time in relation to the 
determining waves. 

Among these waves, those coming from the downstream face have a suf- 
ficiently regular and periodic trend which is not true for those coming from 
the upstream face by reason of the succession of filling and emptying of the 
reservoir. 

Still other factors interfere in the formation of the thermal regime of the 
structure, particularly solar radiation and action of the wind. Although the 
reciprocal influences of these factors cannot easily be distinguished (depend- 
ing among other things on the thermal regime pre-existent in the structure), 
the results obtained from the contour line diagrams clearly show their im- 
portance. The fact, for instance, that a structure may, for some months even, 
be subjected to a partial solar radiation causes, on the sunny side, a thermal 
regime totally different from that of the other side which has always been in 
the shadow as has been found by experiment for the Valle di Cadore and 
Pieve di Cadore dams. For this reason a skew thermal load is established 
which is in contrast to the hypotheses of symmetry usually assumed by the 
designer. 


2. 5) The finding of the thermal regime by means of the actual average 
temperature of the dam is certainly not immediate: requiring the drawing of 
fairly close isotherms on parallel and perpendicular planes and their graphic 
integration. 

In practice, after some years of observation, it is possible, as a rule, to 
refer to a number of thermometers whose average observations can repre- 
sent reliably enough the average temperature of the whole structure. 

As an example, in fig. 6 diagrams of the average temperatures of the 
Pieve di Cadore, Valle, Val Gallina and Lumiei dams are shown compared 
with the average temperatures of the air (at intervals of ten days): these 
diagrams point out the differences mentioned before. 
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Fig. 5. Pieve di Cadore dam: stereometric representation of the distri- 
bution of temperature in relation to time and thickness at different elevations. 
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But to know the thermal regime of a dam is not enough to calculate the 
thermal load which in turn is a function of the distribution of the regime it- 
self in the interior of the structure. 

Good results are obtained, on this point, by expressing the thermal load as 
a function of the difference between the average temperatures of the crest and 
foundation arches and the difference between the average temperatures of the 
downstream and the upstream faces. 

Even if we confine these differences to the temperatures of a given section 
(the crown one), fairly reliable results can be quickly obtained, when the dam 
is subjected to a uniform solar radiation and ventilation. 


3) - Measurements of Deflections 


3. 1) The correlations between the variations in the thermal load and deflec- 
tions in the structure are not immediate, not only because of the above men- 
tioned difficulties of defining the thermal load, but more especially for the 
continuous interference by the actions due to the hydrostatic load, the evolu- 
tion with time of other factors ( creep and plasticity of the concrete and rock) 
and the quite frequent occurrence of non-periodic events such as microseisms, 
seiches, waves, etc. 

Yet research with inclinographs has clearly shown a rotation of the struc- 
ture due to the action of the daily thermal wave which is known to penetrate 
the mass of the concrete for 0.40 + 0.60 m. This rotation which in the Pieve 
di Cadore dam reaches a maximum of 105 + 155 occurs on days of high solar 
radiation, and is therefore at its minimum on cloudy or rainy days, even if 
the range of temperature is pronounced. The diagrams of Fig. 7 illustrate the 
phenomenon: the greater the difference of temperature between the upstream 
and downstream faces (a difference which, as observed, may be considered 
typical of the thermal load of the structure), the more this phenomenon is 
accentuated. A time-lag of about four hours between the maximum difference 
and the mzximum deflection has been noted. 

The diagram also indicates a progressive rotation towards upstream, so 
that at the end of each daily cycle the point does not return to the point of 
departure: this is due to the continuous increase of the temperature load. 

The observations have brought to light another fact: that the influence of 
the daily thermal wave decreases with the time: probably on account of the 
hardening of the structure, caused by the increment of the modulus of 
elasticity. 


3. 2) The quantity of the rotation due to the daily thermal wave is obviously 
linked with the type of structure and the functioning of the reservoir. The ro- 
tations recorded for the Val Gallina dam, for instance, where there are 
marked daily variations of load on account of the requirements of the nearby 
power station of Soverzene, are clearly the result of variations in the thermal 
and hydrostatic loads (Fig. 8). 

Now by analyzing brief periods of rapid filling and emptying of the reser- 
voir during which only slight variations in temperature are verified, it has 
been possible to determine an approximately linear relation between loads 
and rotations (from elevation 632 m to 642 m the rotation is of 65 6 for 10 m of 
hydrostatic load). 

Using this relation, the daily global rotation has been depurated of the 
quota due to the hydrostatic load, thus obtaining a residual diagram, which 
should express the rotations exclusively due to the thermal load: this occurs 
fairly satisfactorily with a rotation of 15 7 for each 10° C of thermal load. 
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3. 3) In the examples studied, some correlations between the daily rota- 
tions of the structure and the daily variations of both the thermal and hydro- 
static load, have been illustrated. If we are considering longer periods, how- 
ever (seasons, years) because of the often mentioned difficulties of 
distinguishing the various acting forces, research must be extended not to the 
rotations alone, but to the totality of all deflections, as recorded (for the 
structure itself and continuously) by pendulum and collimator measurements: 
as shown for the Pieve di Cadore dam in diagrams of Fig. 9. This research 
is not always possible with geodetical surveys, considering their intermittency 
and the length of time needed for taking them. Geodetical surveys, however, 
have the undeniable advantage of giving the absolute movements of the struc- 
ture. In Fig. 9, these movements are also shown (taken on the crown at the 
crest of the Pieve di Cadore dam) together with the relative movements which 
would be obtained by operating with a triangulation network from the collima- 
tion stations. The latter obviously coincide (apart from various errors due 
to the fact that the measurements are non-simultaneous) with the analogous 
deflections read from the collimator. 

The difference between deflections done by pendulum and collimator mea- 
surements is due to the reciprocal movements of the dam and foundation rock. 
Further information on these reciprocal movements can be obtained by mea- 
suring the deflections of metal tubes inserted in the rock itself. Since prac- 
tical necessities limit the length of these tubes, the data that can be noted are 
restricted to the corresponding deflections of the dam and the strata of rock 
in direct contact with the foundation of the dam itself. 


3. 4) With reference, then, to pendulum measurements, we show as an 
example those noted for the crest arch in relation to the foundation arch of the 


Pieve di Cadore dam, for three typical sections. The observations refer to 
radial and axial deflections and, as previously indicated, in order to have an 
expressive illustration, mobile averages of 12 months were used (Fig. 10). 

On the whole there is a tendency for the point at crown (block XIV), in 
radial deflections to move downstream: this tendency was accentuated after 
May 1952, but seems to have diminished in the latest measurements. 

For the two lateral sections (blocks IV and XIX) we have the opposite ten- 
dency (upstream), still with a critical point in May 1952. This critical point 
appears more clearly in the diagrams of axial deflections which again show, 
though in the most recent measurements, a tendency towards stabilization. 

The result is that because of the effect of the thermal and hydrostatic loads, 
the structure as a whole has settled in such a way as to diminish the curvature 
by a deflection downstream of the middle part and upstream of the haunches, 
while the axis has lengthened especially towards the right abutment. 

These alterations are due to the settling of the structure, the “pulvino” 
(cushion), the foundation rock and the plug, but it has not yet been possible to 
differentiate between them. 

As for the critical point which occurred in May 1952, an interpretation 
might be based on the fact that, in that year, unlike preceding years, there 
was no complete emptying of the reservoir down to elevation 630 m but only to 
elevation 644 m. The structure while still at the settling stage was therefore 
subjected to a prolonged load which cannot but have influenced the phenomena 
of creep and plasticity of the structure and of the rock. This hypothesis is 
partly confirmed by the fact that the measurements of the modulus of elastici- 
ty of the rock showed a diminution of the modulus from 1949, prior to the first 
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Fig. 10. Pieve di Cadore dam: mobile annual averages of radial deflec- 
tions (upper) and axial deflections (lower) of the crown cantilever according 
to the pendulum. 
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complete filling, to 1952, while since this period the modulus has remained 
practically constant. 


3. 5) Still speaking of the Pieve di Cadore dam, on completion of the re- 
search mentioned above, the results obtained with inclinometers were com- 
pared with those given by pendulums. 

The comparisons were made for the three named sections, one approxi- 
mately central (block XIV) and two lateral (blocks XXIX and IV) at elevations 
680 m, 660 m, 630 m (625 m for section XIV) and they refer to average monthly 
figures in order to prevent any possible inaccuracy in the measurements. 

On the whole the rotations expressed by these two methods correspond 
closely, but always with higher figures for the inclinometers, which indicates 
that the rigidity of the structure varies according to the height; the section 
with the greatest increase of rotation and consequently the least rigidity is 
from elevation 660 m to 680 m. As an example, Fig. 11 shows theaverage yearly @ 
range, in these figures carried out between May 1952 and December 1955. 

Thus, as could be foreseen, the widest deflections marked by the pendu- 
lums are on the crown, the lateral ones being smaller and practically symme- 
trical. As for the rotations, on the other hand, those at the base are practi- 
cally equal: at elevation 660 m there is a maximum on the crown, and lower 
fairly symmetrical figures at the abutments: lastly at elevation 680 m there is 
a maximum at the right side with decreasing figures as we move towards the 
crown and the left side. This is probably due to the fact that on the right side, 
although the rock has a greater elasticity than that of the left side, there is a 
lesser resistence to the action of the arch, on account of its morphology. 


3.6) The deflections of the crest arch of the Pieve di Cadore dam have 


been the subject of further study, carried out between May 1950 and April 
1954, which completes the one already presented at the 5th Conference on 
large dams, held in Paris. 

In this research, use has been made of the numerous experimental data 
available (averages of the measurements over periods of three days) intro- 
ducing them as coefficients in a system of equations in which the unknown 
quantities should represent the laws of variation of the deflections as a func- 
tion of the acting causes. This has been done by the method of the least 
squares in order to calculate the most likely values of the parameters. 

The deflections in question (1) expressed in mm and referring to the 
foundation line, have been considered a function of the difference between the 
average temperatures (@a expressed in °C) of the crest arch at elevation 680 m 
and of the foundation arch at elevation 624 m; of the difference between the 
average temperatures of the downstream and upstream faces considered in 
their whole extent (6p expressed in °C) of the hydrostatic load (h) expressed 
in meters starting from elevation 630 m and of an asymptotic function of time 
(t) expressed in months beginning in May 1950 in correlation with the creep 
and plasticity of the concrete and the rock. 

The expression resulting of the type 


e 2 3 2 3 2 3 -6 

1 = Ot, + +050, + B10, +B 29 + + gh + at +k 
has been resolved: the values of the unknown parametro are practical appli- 
cations proved to be the following: a = + 1,18 mm/°C 
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Gg =+0,0073 mm/°C a3 = - 0,002983 mm/°C Ay = + 0,43 mm/°C 
B2=+0,0232 mm/°C =- 0,001479 mm/°C 74 = - 0,04 mm/m 
¥9=-0,0012 mm/m y3 = - 0,000029 mm/m 6, = + 7,16 mm/month 
62 = 0,109 mm/month k = +9.88 


The features of this research are summarised in Fig. 12. 

Using the same data, for the deflections under examination, we have sought 
to classify the several effects according to their single causes, as they have 
been postulated. That is to say, we have verified the persistence of the loads 
by means of the result of single deflections for the time of their duration. In 
this elaboration clearly no account has been taken of the phenomena connected 
with time (creep, plasticity, etc.) since it is to be supposed that the external 
causes would every time affect a settled dam. 

The following classification of the deflections results: 


Quota due to the thermal load: 


I) difference of temperature between the crest and foundation 

arches (a) 32 % 
II) difference of temperature between downstream and upstream 

faces (8) 13 % 


45% 


Quota due to the hydrostatic load (7) 45% 
Quota due to various unspecified causes and to errors 10% 
100 % 


The same research has been carried out for the Val Gallina dam also, ob- 
taining satisfactory results, of the same type as those seen for the Pieve di 
Cadore dam. 


3. 7) Geodetical surveys have been adopted also to check the movements of 
the upstream shores of the reservoir caused by successive fillings and empty- 
ing. There are 14 measurements for the Pieve di Cadore dam, for the first 8 
of which there is a satisfactory correlation between the filling of the reser- 
voir and the approach of the shores: this correlation, however, is not main- 
tained in measurements taken after May 1952. 

For the Val Gallina and Lumiei dams the measurements taken are not suf- 
ficient in number to define the phenomenon with precision; this is thus con- 
firmed only for the first two years that the Pieve di Cadore dam was in 
operation. 

On this matter, apart from the errors, not always mutually eliminating 
themselves which affect these measurements, it is considered that the ther- 
mal conditions of the rock (all the dams mentioned are built on limestone) and 
the thermal regime of the structure itself cannot but influence the movements 
of the shores: besides, the fixed stations of the triangulation network, how- 
ever carefully constructed, are still anchored in the surface stratum of rock, 
particularly subject to thermal variations. 

The results observed for the Pieve di Cadore dam would lead to the con- 
clusion, already noted for other phenomena, that the rock, as the structure, 
is subject to movements of a certain significance especially in the first cycle 
of the working of the reservoir; subsequently a settling takes place to which, 
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Fig. 12. Pieve di Cadore dam: analysis of deflections of crest arch. 
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in this specific case, in some degree corresponds the uniform imbibition of 
the rocks. But the problem is too closely connected with geological and mor- 
phological characteristics and those of the cycle of the reservoir to be pos- 
sible to make for it any generalizations. 

From what has been said, however, the great importance of research on the 
actions and reactions of the rock is made evident: research which up to date 
has perhaps been subordinated to that on the structure in itself. 


4) - Measurement of Deformations 


4. 1) Numerous data relating to deformations are recorded, for the struc- 
tures under examination, by acoustica: and resistance strain-meters either 
single or in rosettes. The strain-meters are generally laid in the interior of 
the dam at 0,60+1,00 m from sides to eliminate the troubled external zone. 

But the elaboration from the elastic deformations to stresses, as we know, 
is not immediate because of the actual lack of information on the accuracy of 
the values of variations of the modulus of elasticity. 

This modulus increases with time, but this increase generally is opposed 
and overcome by the phenomena of plasticity and creep due to the action of 
the loads. 

For a structure subjected to continuous or periodical loads it is convenient 
to adopt a conventional modulus based on the behavior of the structure itself 
to the total of the various actions of elasticity, plasticity and creep. 

Various methods have been suggested for finding this modulus for the 
structure as a whole (jacks, residual tensions etc.) since results from tests 
in the laboratory have no meaning in this field of research. 

Besides the seismic method which will be mentioned later, research on 
tests loaded accorded to Prof. Oberti’s method has been chosen, followed here 
with some variants: these are prismatic tests of about 2 x 0,2 x 0,2 m merely 
supported at the ends and loaded, including their own weight to get a stress 
of 15 and 25 kg/cm2, 

The load is applied 28 days from the setting and the deformations are re- 
corded periodically on the upper and lower faces by means of removable 
strain-meters. 

The diagrams of Fig. 13 show the variation of the deformation for elas- 
ticity, plasticity and creep due mainly to the load (half the difference of the 
upper and lower sides deformations) and the variation of the deformation 
principally due to actions of shrinkage, thermal expansion etc. (half the sum 
of the upper and lower sides deformations), 

From the study of these deformations it appears that the initial modulus, 
of 260 000 kg/cm2, is reduced, after about 40 months of load to 145 000 
kg/cm? for the tests loaded at 25 kg/cm2 and to 165 000 kg/cm2 for those 
loaded at 15 kg/cm2. 

It is interesting to observe how the ratios of creep (ratio between the 
initial modulus of elasticity and the final conventional modulus) is a little less 
than 2: a relatively low figure compared with those met in other experiments 
of the kind. 

The data just examined referred to tests of concrete used for the Val 
Gallina dam: experiments of the same type have been made also for the 
Pieve di Cadore dam which confirm the previous results. But even these 
figures of the moduluses calculated on tests in particular conditions of setting 
and load cannot give an idea of the true average modulus of the whole struc- 
ture, i.e., the only element that can represent the resistance of the structure 
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itself and that can be obtained on the contrary from tests on models. For this 
it would be necessary that the ratio between modulus of the tests from mate- 
rial of model and average total modulus of the model would have to be equal 
to the ratio between modulus of the test from material of structure and aver- 
age total modulus of the structure. 


5) - Geophysic Measurements 


5. 1) Interesting information on the modulus of elasticity of the structure 
and of the rock can easily be obtained by seismic methods by which we can 
readily determine a dynamic modulus of elasticity, more or less closely cor- 
related with the static modulus of elasticity with which we usually deal. 
Whatever method is used to discover the dynamic modulus it is always a 
question of rapid and economical processes which afford a truly statistical 
value of the modulus which are of interest. This also affords comparisons 
useful for a preliminary evaluation: for rocks of the limestone type, for 
example, Mr. Semenza has proposed a system of comparative evaluations of 
the elastic properties of the rock (middling rock up to 2,5.105 kg/em?; good 
rock from 2,5 to 5.106 kg/cm?2; very good rock from 5 to 7.5.10° kg/cm; 
excellent rock 7,5 to 10.10 kg/cm?) which, taking into account the construc- 
tion experience on various types of rock, has given more than satisfactory 
results. 

It has been remarked that to express the dynamic modulus in kg/cm2 may 
cause some confusion in regard to the static modulus which is traditionally 
expressed in the same units. Far from being impossible, it is advisable to 
refer the elastic properties of the rock calculated by the seismic method, to 
the velocity of propagation of the elastic waves expressed in m/s, In fact, 
modulus of elasticity or velocity of propagation represent conventions to ex- 
press in a single figure the elastic qualities of the material which interest the 
constructor: between two conventions it is better to refer to the most 
convenient. / 


5. 2) By means of the dynamic modulus it is also possible to observe easily 
the anisotropy of the foundation rock, and so take due account of this in the 
design of the dam, and also to have an idea of the decline of the elastic pro- 
perties of the material; a decline due to that set of phenomena of settling 
repeatedly mentioned. 

As an example, experiments carried out with the dynamic method on the 
rock which forms the right abutment of the Pieve di Cadore dam, in 1948 to 
1949 before and during its construction, led to the finding of an average modu- 
lus of elasticity of 480 000 kg/cm2. When the experiments were repeated in 
1952 and 1953, three and four years respectively after the first filling of the 
reservoir, the average modulus was found to be 330 000 kg/cm2, a decrease 
of 150 000 kg/cm? compared with the original figure. In 1953 other experi- 
ments of the same kind were repeated at the Lumiei dam, built in 1947. Here, 
while downstream from the dam the modulus was about 1 000 000 kg/cm2, up- 
stream the figure was about 800 000 kg/cm2. In this case, too, there was a 
decline on elastic properties in the area affected by the waters, although 
somewhat less than that observed at Pieve di Cadore. 

According to Prof. Caloi who has carried out this research the decline of 
the modulus may be caused by an increase in the porosity of the rock, deter- 
mined by the stress due to the increased pressures and their more or less 
sharp variations. 
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Seismographic observations in fact enable to conclude that in the rock 
which forms the bed of a reservoir especially near the foundations, from the 
beginning of the work to its completion and the first filling of the reservoir, 
and to a lesser degree in subsequent fillings, a continuous settling has been 
in progress, determined by the disruption of the equilibrium previously exist- 
ing between the forces in the medium, The upsetting of this equilibrium may 
manifest itself in true small earthquakes, at least in myriad of small strokes 
affecting the rock surrounding the dam. This action of shocks if continued for 
years, causes minute fractures in the rock and innumerable small lesions 
which tend to increase its porosity in a wide sense of the word. This minute, 
wearing action is manifested particularly in the whole of the rocks supporting 
the dam, especially in arch dams. 

We note that this interpretation might be used to explain the diversity of 
elastic properties found in rocks of the same geological period and the same 
chemical composition: a diversity which would be due to the different stres- 
ses which the various rocks have undergone during the ages. 


5. 3) By geophysical means (inclinographs, seismographs, vibrometers, 
etc.), aspects of the behaviour of the structure and foundations can be exam- 
ined which would escape other kinds of investigation. 

Thus with the combined use of seismographs and inclinographs it has been 
possible to establish the fact that the Pieve di Cadore dam belongs to a single 
geodetic block. At present the geophysicists have reached the conclusion that, 
especially in the areas subjected to earthquakes, the surface stratum of the 
earth crust is made up of relatively small blocks (horizontal dimensions of 
the order of 7 + 14 kilometers with analogous thicknesses) bounded by recent 
faults or by surfaces of fractures liable as a mass to mutual sliding without 
perceptible deformation. Now it is very important that a dam, especially an 
arch dam, should be based on a single geodetic block; research of the kind is 
therefore necessary above all in the preliminary stage of study and planning. 


5. 4) Prof. Caloi has also observed that an important correlation exists be- 
tween a preliminary abnormal clinogzaphic activity and a subsequent abnor- 
mal macro and micro-seismic activity. This would indicate an intimate de- 
pendence between the gradual movements of strata of the rocks, under the 
influence of tensions acting in them, and the sudden destructions of equilibri- 
um (earthquakes) which these tensions may ultimately provoke. 

As an example, in the diagram of Fig. 14 it is shown, according to their 
components, the variations of rotation which, since the 22nd September 1954 
have gradually started in the foundation rock of the Ambiesta dam (under con- 
struction). The rotation is first in a northerly, then in a decidedly westerly 
direction. The rotation in this direction was shown to be particularly active 
from October 3rd to 8th, a period in which the first very slight instrumental 
shocks occurred, gradually increasing in frequency, confirming the tension 
present in the areas in slow movement. Subsequently the rotations again took 
a northerly direction; corresponding to this change of rotation, on October 
11th a seismic shock of the intensity of 1018 erg occurred, followed by an al- 
most uninterrupted series of small instrumental shocks with the task of ex- 
hausting the residual tensions in the stratifications affected by the earthquake. 


6) - Conclusions 
6. 1) The obsexvations and results given here are intended to show the 
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difficulty of arriving quickly at conclusions of general interest from the con- 
trol measurements of dams. What can be ascertained for one structure can 
hardly, even qualitatively, be applied to another, even though apparently of the 
same type, built and situated in analogous conditions. The fact is that, al- 
though there may be dams of the same type, the technological features, the 
means, and the time taken for its construction, the elastic properties of the 
rock interfere in such a variety of ways as to give every dam its own individu- 
ality, which can only begin to be discovered after some years of accurate and 
continuous observation. The structure and the rock, however, form a single 
whole, influencing each other, and for this reason investigations on their be- 
haviour must be extended to both these elements, which together react to the 
effect of the various acting forces. The need, among other things, for appro- 
priate geophysical research which has not yet been given the scope and im- 
portance of structural research, is thus made clear. 

Interpretation of measurements can be greatly assisted by experiments on 
models. On this point we have a significant example in the deflections of the 
crest arch of the Val Gallina dam, which could not entirely be interpreted, on 
a first examination, according to the normal behaviour of a structure of that 
type. 

The laboratory LS.M.E.S. of Bergamo then took charge of the construction 
of a model in which the elastic properties of the various types of rocks af- 
fected by the foundation of the dam were reproduced. The deformations re- 
corded in the model proved to be in exact agreement with the experimental 
ones, which were thus clearly understood. 

In conclusion, the control measurements of dams, not confined to simple 
“safety” measurements, are intended to fulfill the ambitious task of investi- 
gating the actual behaviour of a structure which is particularly complex, not 
only in itself, but more especially on account of the not always easily defin- 
able surrounding conditions. It is therefore only through a succession of 
numerous and uninterrupted observations, that we can hope to shed some light 
on this interesting subject, by differentiating the elementary causes of varia- 
tion from the corresponding effects. For each structure and every period we 
must then consider the combination of the greatest possible number of ele- 
mentary causes, in order to attempt to achieve an interpretation of the final 
resulting whole. 
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